ABSTRACT. We report a selective and stable electrocatalyst utilizing non-noble metals consisting of Cu and Sn for the efficient and selective reduction of CO 2 to CO over a wide potential range. The bimetallic electrode was prepared through the electrodeposition of Sn species on the surface of oxide-derived copper (OD-Cu). The Cu surface, when decorated with an optimal amount of Sn, resulted in a Faradaic efficiency (FE) for CO greater than 90% and a current density of −1.0 mA cm −2 at −0.6 V vs. RHE, compared to the CO FE of 63% and −2.1 mA cm −2 for OD-Cu. Excess Sn on the surface caused H 2 evolution with a decreased current density. X-ray diffraction (XRD) suggests the formation of Cu-Sn alloy. Auger electron spectroscopy of the sample surface exhibits zero-valent Cu and Sn after the electrodeposition step. Density functional theory (DFT) calculations show that replacing a single Cu atom with a Sn atom leaves the d-band orbitals mostly unperturbed, signifying no dramatic shifts in the bulk electronic structure. However, the Sn atom discomposes the multi-fold sites on pure Cu, fail to selectively reduce CO 2 , the Cu-Sn bimetallic electrocatalyst generates a surface that inhibits adsorbed H*, resulting in improved CO FE. This study presents a strategy to provide a low-cost non-noble metals that can be utilized as a highly selective electrocatalyst for the efficient aqueous reduction of CO 2 .
Introduction
The concept of CO 2 conversion through renewable energy poses an excellent strategy to not only mitigate excess CO 2 levels in the atmosphere but also produce valuable compounds. 1 To date, several approaches are being studied for CO 2 conversion, ranging from CO 2 sequestration and storage to the use of electrochemical, photocatalytic, or direct catalytic conversions. 2, 3 Electrocatalytic reduction of CO 2 is a promising process to create valuable chemicals owing to its ambient operating conditions, scalability, and reasonably high reaction rates. [4] [5] to the scarcity of noble metals. [7] [8] [9] [10] Previous studies by Hori and coworkers have demonstrated that Cu is unique compared with other metals in its ability to produce hydrocarbons at potentials more negative than −1 V vs RHE. 11 Nevertheless, the large overpotential renders the process inefficient. More recently, Li and Kanan showed that oxide-derived copper (OD-Cu), when reduced electrochemically, can produce a mixture of CO and HCOOH from CO 2 at moderate potentials (−0.5 V vs. RHE), with reasonable FE towards CO (~40% FE at 2.5 mA cm −2 ). 12 This work demonstrated a significant difference against polycrystalline copper, which produces mostly H 2 at similar overpotentials (more positive than −0.9 V vs. RHE). 13 This improvement in CO FE has been attributed to the formation of active sites that bind CO strongly. Such sites can be produced from the electrochemical reduction of the oxides of Cu to the metallic state. 14 Subsurface oxides may exist and can alter the binding nature of the sites for CO 2 reduction, enhancing the selectivity at low overpotentials. 15, 16 Similarly, electrochemically reduced PbO 2 has shown nearly ~100% FE towards CO 2 reduction to formate at −0.75 V vs. RHE with a formate specific current density of 0.1 mA cm −2 . 17 MoS 2 is another non-noble catalyst that has shown high activity for CO 2 reduction (98% CO FE with 65 mA cm −2 at −0.76 V vs. RHE) in 4% ionic liquid, 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIM-BF 4 ). 18 Rosenthal and co-workers have reported a generalized strategy for the electrodeposition of inexpensive electrocatalytic films from triflate salts of Bi 3+ , Sb 3+ , Sn 2+ , and Pb 2+ in organic media. [19] [20] [21] When the Bi-based electrodes are used for electrochemical CO 2 reduction in acetonitrile with a low overpotential of 250 mV, the 4 electrocatalysts are highly selective towards CO only when an appropriate ionic liquid is present in the system (1-ethyl-3-methylimidazolium hexafluorophosphate [EMIM]PF 6 , or 1-butyl-3-methylimidazolium hexafluorophosphate [BMIM]PF 6 , with an average 81% CO FE with [25] [26] [27] [28] [29] [30] mA cm −2 ). [19] [20] [21] These seminal studies have thus clearly indicated that non-noble catalysts have the capability to compete with noble metals for CO 2 reduction.
As for a rationalization of the experimental evidences, DFT calculations have suggested a scaling relationship between the adsorption strengths of CO and COOH on the catalyst and the overpotential for CO 2 reduction. 22 A trend for the conversion efficiency of CO 2 to COOH* and CO* to CHO (as usual, the * indicates adsorbed species) as a function of the metal-adsorbate bond strength shows that Cu is at the top of the volcano plot among various transition monometals. 16 To break the scaling trends, one strategy may be to use alloys that can decouple the binding energies for CO and CHO adsorptions, potentially lowering overpotentials and improving product selectivity. 22, 23 Using the aforementioned method, we reported a bimetallic Cu-In electrocatalyst that achieved CO FE of ~85% (−0.6 V vs. RHE, ≈ −0.75 mA cm −2 ). 24, 25 As for alloying Cu with other metals, Watanabe et al. reported the synergistic effect of the Cu alloys with various metals, among which Sn (Cu 57 Sn 43 ) produced CO (~16% FE) compared with pristine Cu (0%) and Sn (0%) at the same reaction condition. 26 Separately, Hori and coworkers reported that the reduction of CO 2 on an Sn electrode primarily leads to the production of formate (~88.4 % FE) at high overpotential (−1.1 V vs. RHE). 27 Preparation of electrode made of commercial Cu-Sn alloy particles. Cu 84 Sn 5 powder was annealed in a tube furnace under N 2 at 1100 °C for 5 h using an alumina boat, to form a rather flat bulk electrode of the alloy. The cooling step was performed under inert conditions, and the sample was exposed to air after reaching room temperature. A copper wire was soldered using indium to create a low-resistance ohmic contact with the alloy electrode, which was later sealed with epoxy to cover all connections, exposing only a well-defined active surface.
Characterization of materials. ICP measurements were taken using a Varian 720-ES equipped with a charge coupled device (CCD) detector. All samples were digested in concentrated HNO 3 using a microwave digestion system. Samples were diluted with 1% HNO 3 prior to all measurements. A standard error of ±2 ppm was calculated based on the average of the 8 experimental standard deviations for each set of measurements. Sn standard solution (1000 ppm) was obtained from Inorganic Ventures and diluted for the calibration measurements. X-ray diffraction (XRD) patterns were obtained using a Bruker D8 Advanced A25 diffractometer with a Cu X-ray tube (Cu-Kα; λ = 0.154 nm). The diffractometer operating conditions were 40 mA at 40 mV. X-ray photoelectron spectroscopy (XPS) was performed using a 3400 KRATOS AMICUS/ESCA with an unmonochromatized Al-anode Kα X-ray source (1486.6 eV) operated at 15 mA and 10 kV (~ 1 × 10 −7 Pa). The binding energies were calibrated using the adventitious C 1s spectra with a reported binding energy of 284.8 eV, and the associated error was estimated to be at least ±0.2 eV to ±0.3 eV. 32 Scanning electron microscopy (SEM) images were obtained at 5 keV using a NovaNano scanning electron microscope from FEI.
Computational details. Electronic structure calculations based on DFT were performed using the revised Perdew-Burke-Ernzerhof (revPBE) exchange-correlation functional as implemented in VASP. [33] [34] [35] [36] Plane-wave basis sets (with a kinetic energy cutoff of 500 eV) 37 describe the valence electrons: 11 electrons of Cu (3d 10 4s 1 ) and three electrons of Sn (5s 2 5p 2 ). We employed a 0.1 eV smearing of the Fermi level and (8×8×8) K-points for bulk calculations and (4×4×1) for surfaces.
The core electrons were replaced by projector augmented wave (PAW) pseudopotentials. 38, 39 The relaxation of the atomic positions in the supercell occurred until the energy differences were smaller than 0.01 eV Å −1
. With this setup, we simulated the electronic structure of Cu/Sn alloys, the substitution of one Cu atom by a Sn atom in Cu nanoparticles, and the same substitution on regular Cu surfaces.
The electronic structure of the Cu-Sn alloy was investigated in the bulk structure with different concentrations of tin (25, 45, 50 and 75%) . Special-quasi-random (SQS) structures from literature were used to model alloys with Sn contents of 25, 50 and 75%. 40, 41 We used a 2×2×2 43, 44 were placed in a repeating cubic box with an edge large enough to prevent interactions between the images (more than 10 Å between successive images). Finally, the (100), (111) and (211) Cu surfaces were modeled with slabs of four atomic layers. We used a p(3×3)
supercell with a vacuum in the direction perpendicular to the surface of 12 Å. The modification of the surface was performed by replacing a Cu atom from the top and the second layer with a Sn atom. Adsorption of H and CO on the (100) facets was modeled with a slab of three atomic layers; the bottom layer was frozen in these calculations.
Results and Discussion

Electrochemical measurements
Chronoamperometry was performed on OD-Cu ( was determined at this point. From Figure 1a , FE for CO 2 reduction products (CO + HCOOH) using the OD-Cu electrode was higher (88%) than previously reported in the literature (61%).
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See Table S1 for product comparison of different OD-Cu in the literature. Previous studies have shown a broad product distribution in CO 2 reduction with varying results for H 2 , ranging from 30 to 50% FE. 12, 15, 45 The observed improvement in CO 2 conversion efficiency for the OD-Cu electrode in this study can be due to the careful acid pretreatment of the electrode, probably removing existing active species for H 2 , and the subsequent 400 °C annealing step, in contrast to the 500 °C heat treatment previously used to build the copper oxide layers. 12, 21, 45, 46 Next, the electrocatalytic performance of Cu-Sn exhibited a remarkably high FE towards CO, achieving > ~90% at −0.6 V ( Figure 1b) . A long-term stability of the Cu-Sn was observed for 14 h, which
showed an initial ~95% CO FE for 6 h; subsequently decreasing to ~90%, with the H 2 FE increasing over time from ~8% to ~12%. The CO 2 electroreduction experiment using Sn plated on Sn sheet ( Figure 1c ) showed exclusively H 2 production without the formation of products from CO 2 reduction. A comparison of the total geometric current density as a function of the applied potential for the three materials is shown in Figure 2 . The current density of Cu-Sn was lower than that of OD-Cu but larger than Sn deposited on Sn, showing that the overall activity decreased when more Sn was present on the electrode surface. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 literature for copper oxide based electrodes (see Table S1 ). 12, 15, 24 In the case of Cu-Sn, more than 90% CO FE was observed throughout a broad potential range (from −0.5 to −0.8 V vs. RHE) whereas only sparse amounts of H 2 and HCOOH were observed (Figure 3b ). The similar CO selectivity as a function of applied potentials suggests a consistent mechanism for CO 2 reduction in the studied potential range. The Sn deposited on Sn electrode showed exclusively H 2 evolution throughout the investigated potentials (Figure 3c) . Similarly, the washed Sn sheet (without Sn deposition) predominantly produced H 2 with only small quantity of HCOOH and CO at −0.7 and −0.8 V vs. RHE ( Figure S1 ), consistent with the literature. 13 ,28, 45 Previously, we have shown a
Cu-In electrocatalyst forming CO with 80% FE at −0.5 V vs. RHE with a 20% FE for H 2 with a current density of −0.5 mA cm −2 . 24 The Cu-In electrode showed almost 90% FE towards CO at −0.6 V vs. RHE; however, the stability was compromised after 4 h of CO 2 reduction, decreasing to 85% FE with a current density of -0.6 mA cm −2 . 24 The Cu-Sn electrocatalyst in the current RHE) with minor amounts of CO (8% FE) and formate (10% FE) at −0.8 V vs. RHE. We note from this result that Sn deposited on OD-Cu is the only case where high CO FE was observed, suggesting that both OD-Cu and Sn are required to achieve this selectivity.
The effect of Sn on the current densities and the FEs was further explored by increasing the charge of Sn electrodeposition (Figure 4a and 4b). After electrodeposition, CO 2 reduction was performed at −0.6 and −0.8 V vs. RHE for 1 h at each potential, and the electrodes were analyzed using ICP to determine the deposited amount of Sn in the active surface. Figure 4a Figure 4a ).
This drastic change in product selectivity may be directly correlated with the fact that the deposited Sn surpassed monolayer of the OD-Cu surface. When the amount of electroplated Sn was relatively large (i.e., >23 µmol cm −2 ) the current exhibited a 7-fold decrease, generating H 2 with >70% FE. These results were consistent with a complementary set of experiments in which we increased the electrodeposition charge for Sn on OD-Cu, without any pre-reduction step to reduce the oxidized Cu ( Figure S3 ). We obtained similar trends as previously observed, in which increasing the electrodeposited charge to form Sn on OD-Cu resulted in decreasing current densities with increasing selectivity towards H 2 (compare Figure 4 and Figure S3 ). The double layer capacitance of the reduced OD-Cu sample and the Cu-Sn (6.3 C cm −2 ) shows that Sn deposition led to slight decrease in total surface area with a factor of 0.74 ( Figure S4 ). The loss of total current was a factor of <0.7 (0.56-0.69), suggesting that the degree of deactivation by the Sn deposition was more severe than the degree of loss in surface area. We performed CO 2 reduction at −0.6 V vs. RHE for 1 h and observed that the highest CO FE occurred at an optimal charge of 6.3 C cm −2 . Furthermore, when changing the applied potentials from −0.6 to −0.8 V vs.
RHE (compare Figure 4a and 4b) , the HCOOH FE increased in all samples, whereas the CO FE decreased (i.e., more negative than −0.7 V vs. RHE), suggesting that more negative potentials favor HCOOH, following a similar trend as previously seen with OD-Cu ( Figure 3a ) and Figure 1 , Figure S1 and Figure S3 ). With a systematic variation of the atomic composition of the surface from monometallic Cu to bimetallic Cu-Sn and finally to monometallic Sn, we have shown that the selectivity of the electrocatalyst can be tuned from water reduction to CO 2 reduction. The Sn-modified oxidederived Cu surface was capable of efficient and selective production of CO from aqueous CO 2 ;
nevertheless, the monometallic sites did not exhibit such behavior.
Structural characterization
The optimal composition for the Cu-Sn electrocatalyst was used for systematic 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 14 nanoparticle aggregates without defined cubic structures. 12, 15 The presence of smaller particle aggregates can be observed covering the surface of the cubes (Figure 5b ).
The samples produced by passing large charges of Sn electrodeposition were characterized via XRD ( Figure S5 ). The diffractograms revealed that as the electrodeposition charge was increased, new diffractions appeared that were ascribed to metallic Sn (PDF 00-004- electroreduction is presented in Figure 6 . All samples showed intense metallic Cu diffractions that appeared mostly owing to the substrate at 43.5° (111) and 50.6° (110) (PDF 00-004-0836).
All samples exhibited diffraction peaks that were assigned to Cu 2 O at 36.7° (111) and 61.6°
(220) (PDF 01-071-3645) before and after reaction. In the diffractograms presented in Figure 6 , amorphous phases were observed in the region below 30° (a complete XRD spectrum from θ = 10° to 100° is presented in Figure S6 ). Mixtures of oxidized Sn(II) and Sn(IV) may generate amorphous structures. After electroplating Sn on reduced OD-Cu, we observed peaks at 38.9°
(106) and 66.1° (227) that were attributed to the formation of SnO 2 (PDF 01-078-1063). Those diffractions remained after 1 h of electrocatalytic CO 2 reduction. Nevertheless, after 14 h of steady-state cathodic conditions, the peaks ascribed to SnO 2 were mostly absent. After the longterm stability test of the Cu-Sn sample, it was possible to observe the appearance of a new diffraction feature near 2θ = 41° ("Cu-Sn after 14 h reaction", Figure 6 ). The diffraction peak was attributed to the formation of a Cu-Sn alloy. The alloy composition may be in the range of Figure S7a ). [49] [50] [51] [52] [53] [54] [55] Hence, the X-ray generated Auger spectra were recorded in the Cu L 3 M 45 M 45 region, and the results are presented in Figure   7a . The literature reports metallic Cu with a characteristic peak in the range of 918.2 to 918.6 eV;
Cu 2 O has a reported peak between 916.0 and 916.4 eV, and the peak for the CuO standard increases from 917.6 to 917.8 eV. [49] [50] [51] [52] [53] [54] [55] The acid-treated Cu sheet resulted in spectra similar to those previously reported in the literature for air-oxidized metallic Cu. 54, 55 This oxidized layer was reported to be in the size range of 1.6 to 2.7 nm. 55 For the OD-Cu electrode after the 400 °C heat treatment ("OD-Cu before"), the Auger spectrum exhibited a broad peak at 917.7 eV, indicating the presence of Cu(II) in the surface as CuO. After performing the CO 2 reduction experiment with the OD-Cu electrode ("OD-Cu after"), the Auger spectrum was similar to Cu 2 O with a peak at 916.4 eV, together with the subsequent shoulder at 918.5 eV correlating well with the kinetic energy characteristic of metallic Cu. 55, 56 In contrast, the Auger spectrum for the CuSn before electrocatalysis ("Cu-Sn before") indicated a similar state to the Cu sheet reference with a peak maximum at 916.4 eV and a clear shoulder at 918.4 eV ascribed to Cu 2 O and Cu metal, respectively. For the Cu-Sn sample after the reaction ("Cu-Sn after"), there was a clear
Auger peak at 918.3 eV, which was attributed to the existence of zero-valent Cu species. The XPS spectra for Sn 3d are shown in Figure 7b . After electroplating Sn on OD-Cu before CO 2 reduction ("Cu-Sn before"), we observed in the Sn 3d 5/2 line a minor peak located at 484.9 eV, which can be attributed to zero valent Sn. 57 A similar feature can be observed in the reference Figure 6 ). XPS spectra of Cu 2p, O 1s
and Sn 4d are shown in Figure S7 and Table S1 , and the data are further discussed in the SI.
The drastic change in the product selectivity for alloying Cu-Sn leads to an important question on how the active site is altered between OD-Cu and Cu-Sn, which makes the electrode highly selective towards CO. The nature of the active site in Cu-Sn can be within a range of possibilities, which may include the formation of metallic Sn on the surface of metallic Cu or the formation of an alloy, based on the surface and bulk X-ray characterizations (Figures 6 and 7) . It is reasonable to consider that Cu-Sn alloying leads to the suppression of the catalytic activity for H 2 without affecting the productivity towards CO (as observed in Figures 3 and 4) . To test whether Sn is required for the selective generation of CO, we performed a control experiment in which OD-Cu was treated in the same solution of 2 M KOH without the presence of the SnCl 2 Figure S9b ). It can be deduced from this result that Sn on Cu is required to achieve >90% FE towards CO as observed with the Cu-Sn sample (Figures 1, 3 and 4) . To check the performance of a pure alloy, Cu 84 Sn 5 powder derived electrode plate was characterized. XRD measurement ( Figure S10 ) showed best match with a pure phase of alloy form (Cu 32 Sn) 0.12 according to the literature. 59 The alloy was then tested for CO 2 reduction at −0.6 V vs. RHE, and only H 2 was generated (−0.15 mA cm −2 , Figure S10 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 18
At this point, we have observed that flat Cu monometallic surfaces catalyze the electroreduction of water over CO 2 at potentials more positive than −0.8 V vs. RHE.
Nevertheless, a rough Cu surface like the one generated after the electrochemical reduction of OD-Cu exhibited higher selectivity to reduce CO 2 . Nanoparticle aggregates of Cu most likely compose the structure of such oxide-derived electrodes, which contain a higher density of highly unsaturated Cu atoms. Indeed, a size-dependent CO 2 reduction activity was described in the literature for Cu nanoparticles. 60 As the particle size decreases, the H 2 evolution activity increases accompanied by CO generation without the formation of hydrocarbons. 60 We have
shown that decorating Cu with controlled amounts of Sn completely alters the CO 2 selectivity, generating CO with >90% FE. Hence, to elucidate the effect of Sn on rough Cu surfaces, we performed DFT calculations to study the preference of Sn when placed in a Cu nanoparticle (NP)
to be embedded in the bulk or at the surface of a regular Cu structure (see details of the calculations in the Supporting Information and Figures S10-S12 ). Specifically, we performed cluster model calculations using a cluster of 55 Cu atoms with icosahedron symmetry (the icosahedron structure is more stable than the cuboctahedron structure by more than 3 eV), and we modeled a series of Cu 54 Sn clusters, with the Sn atom replacing a Cu atom of an icosahedron Cu 55 at different positions, as shown in Figure 8 . Further, since it is clear that a Cu 55 NP is remarkably small, and has no well formed facets, we performed similar calculations under periodic boundary conditions using regular (100), (111) and (211) facets. Combining results from the Cu 55 NP and the regular facets allows to achieve insights on the preference for Sn to replace Cu in the bulk, at regular surfaces, or at edges and corners, which is situations presenting low coordinated atoms. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Focusing on the Cu 55 cluster, the Sn atom can be placed in four different sites. The best position corresponds to replace one Cu atom on the edge of the Cu 55 NP, see Figure 8a . This geometry is followed (0.23 eV higher in energy) by that obtained by replacing one Cu at the corner of the icosahedron structure, Figure 8b . Moving the substitutional Sn atom inside the Cu 55 NP results in clearly less stable geometries. In fact, replacing a Cu in the internal shell (an icosahedron with 12 equivalent atoms) is clearly disfavored (2.31 eV higher than the shell-edge geometry), and moving the Sn atom at the center of the Cu 55 NP, Figure 8d , results highest in energy (2.93 eV higher than the best position).
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Moving to the surface of Cu/Sn alloys, we modeled the effect of replacing one Cu atom with an Sn atom on a perfect Cu surface. Specifically, we considered the (100), (111) and (211) Cu facets. The first two facets are flat but have different atomic densities, with the highest on the (111) facet, and different binding sites: 4-fold and 3-fold sites on the (100) and (111) facets, respectively. The (211) facet is stepped, with 3 different types of Cu atoms, from highly saturated at the bottom of the step to highly unsaturated at the ridge of the step. Although we have clear evidence that with high Sn concentrations on the surface, the real alloys will result in surfaces that cannot be represented by a model consisting of a single Sn atom on a pure Cu surface, these models can still offer insights on local situations-i.e., if the Sn prefers to sit on flat surfaces, leaving the step sites to the Cu, or vice versa.
Optimization of the structures with a Sn atom replacing a surface Cu atom leads to a small geometrical deformation, with a small displacement of the Sn atom out of the (100) and (111) surfaces. This result is reasonable, considering the different atomic radii of Cu and Sn.
From an energetics perspective, the relative substitution energy, E Sub , which corresponds to the difference between the energy of substitution of a Cu atom in an inner layer (or the middle and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   20 bottom atoms in the case of the (211) surface) with the energy of substitution of a Cu atom at the surface (or the Cu atom at the top of the ridge of the (211) surface) are reported in Figure 9 . In conclusion, combining results from calculations on NP with those on regular surfaces, it emerges that Sn prefers to replace low coordinated Cu atoms, which means at the surface of regular surfaces or at edges and corners, rather than in layers below the surface.
Next, we investigated H and CO adsorption on the Cu (100) and (111) surfaces presenting an Sn atom, to have insights on the possible role of Sn in inhibiting H 2 production while preserving CO production capability. The electronic energy of free molecules was calculated as the electronic energy of the specific molecule, referring to graphene for the C atom, 1/2 H 2 for H atoms, and (H 2 O-H 2 ) for O atoms. For adsorbed species, the electronic energy was calculated as the electronic energy of the relaxed slab/adsorbate species referring to the electronic energy of the relaxed clean slab, to graphene for the C atom, to 1/2 H 2 for H atoms, and to (H 2 O-H 2 ) for O atoms. 37 The minimized geometries corresponding to H adsorption on the (100) facet of Cu are reported in Figure 10a to 10c, those corresponding to H adsorption on the (111) facet are reported in Figure S14 . The analysis indicates that H adsorption in the middle of the hollow site, 4-fold and 3-fold on the (100) and (111) facets, respectively, is preferred over bridge adsorption between two Cu atoms and finally by adsorption on top of a single Cu atom.
In the second step, we calculated H adsorption on the same positions if an Sn atom is present as shown in Figure 10d to 10f for the (100) facet, in Figure S15 for the (111) facet. The result clearly shows that H does not bind to Sn on both the (100) and (111) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Cu atoms, Figure 10d . H adsorption on the (111) Sn-modified surface is even more reduced, by 0.55 eV, since the 3-fold nature of the sites always enforces closer proximity to the weakly coordinating Sn atom (further details can be found in the SI).
Next, we considered CO coordination starting with CO adsorption on pure Cu, as shown in Figure 10 g to 10i for the (100) surface, see Figure S16 for the (111) surface. The reported energies indicate that CO adsorption on the Cu surface is substantially unselective: CO can bind to one Cu only, can bridge two Cu atoms, and can sit in the 4-fold site. We also investigated CO adsorption when an Sn atom is near the adsorption site on both the (100) and (111) surfaces, as shown in Figure 10j to 10l for the (100) surface and Figure S17 for the (111) surface. On both surfaces our calculations show that adsorption of CO is generally less affected than that of H by the presence of an Sn atom and that CO binding to the Cu distal to the Sn is the least affected as shown in Figure 10g to 10i. The reduced impact of Sn substitution on CO adsorption is clearly due to the strong adsorption of CO on top of a single Cu atom, whereas H clearly prefers coordination on a hollow site, which is the site most perturbed by the presence of a Sn atom.
Incidentally, we were unable to find CO coordinated to the 4-fold site because the geometry optimizations collapsed into the structure as shown in Figure 10j to 10l. In short, the analysis suggests that an Sn atom perturbs profoundly the multi-fold site on the surface of pure Cu, disfavoring adsorbed H in particular. We believe that these results on the (100) and (111) facets can be extended to any multi-fold sites on any facets, kinks, and edges.
Based on the previous observations, we can reasonably consider that as we modified the Cu 0 surface with Sn 0 , we selectively diminished the competitive reaction rate for water reduction. We may suggest that as the alloy forms in the surface under the studied cathodic conditions, the H 2 activity exhibited a 4-fold reduction, leading to a decrease in the overall 22 activity of the Cu-Sn electrode. The Cu 84 Sn 5 alloy indicated that only H 2 was generated under the investigated potential range; hence, Cu sites with preference for the formate-making mechanism may be competitive to H-binding sites that are inhibited by the introduction of Sn atoms. At the end, the catalysis of CO 2 reduction to CO seems unperturbed, creating highly selective sites by the systematic modification of the oxygen-rich metallic Cu surface.
As for a comparison between Cu-Sn in the current study and Cu-In in our previous study, 24, 25 the two catalysts have similar behavior towards CO 2 electro-reduction: i.e., high selectivity towards CO evolution. DFT calculation shows preferential substitution at the top of the ridge on the (211) facet, destabilization of H adsorption on the flat (100) facet. 24, 25 However, 
Conclusions
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